The citrus cultivar Carrizo is the single most important rootstock to the US citrus industry and has resistance or tolerance to a number of major citrus diseases, including citrus tristeza virus, foot rot, and Huanglongbing (HLB, citrus greening). A Carrizo genomic sequence database providing approximately 3.5× genome coverage (haploid genome size approximately 367 Mb) was populated through 454 GS FLX shotgun sequencing. Analysis of the repetitive DNA fraction indicated a total interspersed repeat fraction of 36.5%. Assembly and characterization of abundant citrus Ty3/gypsy elements revealed a novel type of element containing open reading frames encoding a viral RNA-silencing suppressor protein (RNA binding protein, rbp) and a plant cytokinin riboside 5′-monophosphate phosphoribohydrolase-related protein (LONELY GUY, log). Similar gypsy elements were identified in the Populus trichocarpa genome. Gene-coding region analysis indicated that 24.4% of the nonrepetitive reads contained genic regions. The depth of genome coverage was sufficient to allow accurate assembly of constituent genes, including a putative phloem-expressed gene. The development of the Carrizo database (http://citrus.pw.usda.gov/) will contribute to characterization of agronomically significant loci and provide a publicly available genomic resource to the citrus research community.
Introduction
Citrus is an economically important fruit crop in many countries, with the highest total global production levels of any tree crop (FAO 2010) . The production of citrus worldwide is currently threatened by the presence and spread of the disease Huanglongbing (HLB), which was initially reported in China but is now in most of the major citrus growing countries in the world (Bove 2006) . The devastating consequences of this disease and high cost of control have made it the focus of an extraordinarily broad research effort.
The lack of HLB resistance in major citrus scion types has compelled interest in identifying transgenic solutions for developing HLB-resistant cultivars. Ideally, commercial HLB-resistant cultivars would be constructed in a manner that limits introduced DNA to that found within the sexual compatibility group (i.e., intragenic (Rommens et al. 2007) or cisgenic constructs to enhance consumer acceptance (Jacobsen and Schouten 2007) . The application of these strategies to HLB-resistance in citrus will require a detailed understanding of genomic sequence from diverse citrus genotypes, to provide the sequence data for construct development.
The diversity of citrus phenotypes, reproductive compatibility between related genera and the extended history of citrus cultivation have combined to complicate analysis of citrus taxonomy and phylogeny. Although past classification systems recognized numerous citrus species (Swingle 1943; Tanaka 1977) , more recent evidence (Barkley et al. 2006) suggests an extremely limited number of natural citrus species. The citrus cultivar Carrizo (Savage and Gardner 1965) is the single most important rootstock to the US citrus industry and is widely employed worldwide. This diploid cultivar was generated by a 'Washington' navel orange × Poncirus trifoliata cross. The genus Poncirus is closely related to Citrus, so F 1 hybrids and later generations are relatively easily produced; some recent treatments (Zhang and Mabberley 2008) include Poncirus within Citrus. Carrizo shows resistance or tolerance to diseases such as citrus tristeza virus and foot rot. In addition, this cultivar has recently been demonstrated to have considerable resistance to HLB (Folimonova et al. 2009 ), viewed as the most serious current threat to citrus production globally.
Characterization of the citrus genome is essential to the efficient application of current crop improvement methodologies to this commodity. Towards this effort, the citrus genome genetic (Cai et al. 1994; Carlos de Oliveira et al. 2007; Chen et al. 2008; Bernet et al. 2010 ) and physical (Bernet and Asins 2003; Luo and Dvorak 2011; Moraes et al. 2008 ) maps are being developed. Recently, the draft genome assemblies of the haploid Clementine mandarin (Citrus clementina) and sweet orange (Citrus sinensis) were released for the user community (http://www.citrusgenomedb.org/gb/ gbrowse/citrus_clementina_v0.9/, http://www.citrusgenomedb. org/species/sinensis/genome1.0), with certain restrictions on genomewide data analysis and publication. The potential applications of genomic data in breeding and crop improvement efforts make acquisition of genome sequences imperative (Talon and Gmitter 2008) . In this work, we report the acquisition and analysis of a 3.5× citrus Carrizo genome sequence. These data will provide a foundation for studying genetics/genomics of rootstock characteristics to facilitate efficient screening and selection of improved rootstock cultivars using marker-assisted selection. A Carrizo genomic sequence database (USDA Public Citrus Genome Database, http://citrus.pw.usda.gov/) has been established to allow freely open access to this data.
Materials and methods

Carrizo genotype
Three plants of Carrizo maintained in the U.S. Horticultural Research Laboratory, Fort Pierce, Florida, greenhouse supplied the leaf material for the genomic DNA preparation. Carrizo is highly apomictic (Roose and Traugh 1988) and seedlings that are not rogued because of obvious abnormality are almost always genetically and phenotypically indistinguishable from the seed source tree. The identity of the source trees as Carrizo was confirmed by simple sequence repeat (SSR) analysis (Barkley et al. 2006) .
Roche 454 sequencing
Preparation and sequencing of the 454 sequencing library was performed according to the manufacturer's instructions (GS FLX Titanium General Library preparation kit/emPCR kit/sequencing kit, Roche Diagnostics, http://www.roche. com). In brief, 10 µg of citrus genomic DNA were sheared by nebulization and fractionated on agarose gel to isolate 400-750 base fragments. These were used to construct a single-stranded shotgun library that was used as a template for single-molecule PCR. The amplified template beads were recovered after emulsion breaking and selective enrichment. The Genome Sequencer FLX Titanium flows 200 cycles of four solutions containing either dTTP, aSdATP, dCTP, and dGTP reagents, in that order, over the cell.
Repeat DNA analysis
The repetitive sequences in the Carrizo 454 reads were identified and masked using the RepeatMasker program (http://repeatmasker.org/). Repeat database version 20090604 was used with the parameter defined as Eukaryote species. For identification of unique citrus unique repeats, 454 reads representing 10% of the Carrizo genome were extracted from the known-repeat masked sequences. These 454 reads were further scanned using RepeatScout (Price et al. 2005 ) to identify de novo repeats. A fasta file that contained all the repetitive elements that RepeatScout could find was generated. The novel repeats were used as a custom library for RepeatMasker to further mask repetitive sequences in the 454 reads.
Putative citrus MITE sequences were identified in the de novo repeat data set by identification of terminal inverted repeated domains using Pustell matrix analysis Kafatos 1982, 1986) to compare individual DNA sequences (MacVector11.1). Full-length MITEs were identified by BLAST searches of the NCBI EST database, HarvEST (http://harvest-blast.org/) and USDA Public Citrus Genome Database. The actual boundaries of the repeated domains described here were determined by direct comparison of related repeats from multiple loci (EST and genomic sources) and identifying points of divergence. Putative recombinational target sequences were identified employing MITE-flanking sequences to BLAST probe available citrus databases.
Ty3/gypsy elements were identified using a TBLASTN search of the Carrizo database employing the Arabidopsis ATHILA polyprotein as a probe. Reads immediately flanking the original Carrizo polyprotein sequences were identified by BLASTN searches of the database employing original Carrizoread 150-bp terminal domains (e value cut off of 1 × 10 -65 ). Sequential BLASTN searches were used to complete the Ty3 elements. Long terminal repeat (LTR) 5′ and 3′ ends were identified by using sequential 400-bp segments of the LTR domain as BLASTN probes and identifying those that returned BLAST results in which approximately half the hits aligned to a portion of the probe. These BLASTN hits were then characterized to identify junctions of LTR and nonrepetitive DNA sequences. The structure of each of the three Carrizo Ty3 elements constructed in this manner was verified by constructing the same elements using an identical procedure employing the DOE Joint Genome Institute (JGI) sweet orange database (HarvEST, http://harvest-blast. org/).
CitPhlo2 gene assembly and amplification
The CitPhlo2 protein was identified by characterization of citrus proteins encoded by ESTs over-represented in phloem/ bark-derived libraries in the NCBI database as previously described (McCue et al. 2007 ). Approximately full-length ESTs were employed to generate the CitPhlo2 protein sequence. CitPhlo2-encoding Carrizo sequences were identified using a TBLASTN search of the Carrizo 454 reads. Sequential BLASTN searches employing Carrizo-read terminal domains were then employed to assemble a putative Carrizo CitPhlo2 gene sequence as described for the Ty3 elements above.
Genomic DNA from the Citrus sinensis cultivar Olinda was used in a PCR amplification of the CitPhlo2 gene. The amplification reaction employed the proofreading polymerase Phusion (New England Biolabs, Ipswich, Massachusetts, USA) and forward (5′-GCCATTTCATGGCTAGAGTGA-3′) and reverse (5′-AACATTTGTGTTGTAACGCTGTA-3′) primers.
Results
sequencing
Genomic DNA was prepared from Carrizo leaves as described by Peterson et al. (1997) . The identity of the source material was verified by SSR analysis (Barkley et al. 2006) . The DNA was randomly sheared and sequenced using the 454 GS FLX shotgun sequencing method. A total of 3 455 302 shotgun reads were generated and used for analysis. The mean read length was 365 bp and the genomic raw sequence produced was 1264.4 Mb, which corresponds to almost 3.5× of the citrus genome based on the estimated citrus genome size of 367 Mb per 1C genome (Arumuganathan and Earle 1991).
Repetitive DNA composition and content in the Carrizo genome
The total transposable element (TE) content was estimated in two steps. First, the 454 shotgun reads were compared with the Eukaryote part of the RepeatMasker database. Based on similarity searches of the known repeat database, 7.7% of the nucleotides in the citrus shotgun reads were identified as belonging to known repeats (Table 1) . The most common repeat families identified using known repeats were LTR retrotransposons (5.94%), which primarily includes Ty1/copia (2.82%) and Ty3/gypsy (2.95%) elements. Although this analysis appeared consistent with previously reported repetitive DNA content (Terol et al. 2008) , it represented a relatively low content as compared with many plant genomes even given the relative small size of the citrus genome (Arumuganathan and Earle 1991).
The observed low percentage of known repetitive DNA contents in the 454 reads appeared likely to be due to poor representation of Carrizo repetitive DNA sequences in the known repeat database. To more completely identify repetitive sequences within the database, a de novo citrus unique repeat database library was constructed using RepeatScout software (Price et al. 2005 ). The resulting library contained a total of 2592 unique citrus repetitive sequences (identified using BLAST e value 1 × 10 -15 to mask the repetitive sequences). Comparison of this library with the Carrizo database indicated that 955 814 reads, not identified by similarity to known repeats, produced significant matches with the de novo citrus unique repeat sequences. Thus, the Carrizo unique repeat DNA represents 28.8% of the genomic sequences in the 454 reads. Combining with the 7.7% of known repeats, the total repetitive DNA in the Carrizo genome was approximately 36.5%. The complete de novo citrus unique repeat database is available (http://citrus.pw.usda.gov/). The analysis of the highly representative de novo repeats in the reads is shown in Table 2 . The de novo repeat data set was also employed to identify common miniature inverted repeat TEs (MITEs, (Wessler 1998) ), as indicated in Fig. 1 . The Cit-MITE1 element (Fig. 1A) is 152 bp in length and defined by 28 bp terminal inverted repeats. This element is flanked by 9 bp target site duplications. BLAST searching of the Carrizo database indicated Cit-MITE1 within approximately 4000 reads, with MITE sequences representing approximately 0.6 Mb (0.05%) of the Carrizo genome. The Cit-MITE2 element (Fig. 1B) is 614 bp in length and defined by 191 bp terminal inverted repeats. This element is flanked by 10 bp target site duplications. BLAST searching of the Carrizo database indicated Cit-MITE2 within approximately 6000 reads, with MITE sequences representing approximately 1.5 Mb (0.1%) of the Carrizo genome. A search of the NCBI EST database reveals that the Cit-MITE1 element is found within a large number of ESTs derived from a variety of genes from both sweet orange and Poncirus. In contrast, the Cit-MITE2 element is Characterization of Carrizo Ty3/gypsy retrotransposons Our repeat DNA analysis indicated that the TEs demonstrating the highest genome percentages are a Ty3 element (Ty3-2, described below) and a previously identified Ty1 element (Yang et al. 2003) , which account for 4.0% and 1.4% of the total Carrizo reads, respectively. The Ty3/gypsy class of retrotransposons are common features of plant genomes (Kumar and Bennetzen 1999), including citrus (Bernet and Asins 2003) . Two Ty3/gypsy elements were identified in the Carrizo database employing the Arabidopsis ATHILA polyprotein as a probe, and full length Carrizo retrotransposons were assembled from the Carrizo database by sequential BLASTN searches employing Carrizo-read terminal domains. The first Carrizo element (Carrizo Ty3-1), shown schematically in Fig. 2A , is 10.2 kb in length and is flanked by 1.2 kb LTRs. This element contains a single polyprotein-encoding ORF similar to other Ty3 elements. The second Carrizo element (Carrizo Ty3-2, Fig. 2B ) is 12.6 kb in length and is flanked by 1.4 kb LTRs. These two elements share very little DNA sequence similarity (Supplementary data, 1 Fig. S1 ). Assignment of coding region domains of Carrizo Ty3-2 was established by BLASTP search of the NCBI protein database (Table 3 ) using partial (polyprotein) or complete (rbp and log) peptide sequences as probes.
As indicated in Fig. 2 , Carrizo Ty3-2 contains two ORFs not found in elements with standard Ty3/gypsy architecture (Carrizo Ty3-1). The first ORF (rbp) encodes a 184 residue protein weakly similar to ORF5 of Grapevine Virus A (Minafra et al. 1997) Fig. S2 ). This putative RNA-binding protein has been identified as an RNA-silencing suppressor (Zhou et al. 2006 ). The second additional Carrizo Ty3-2 ORF (224 residues, log) shares significant identity with Lonely Guy (LOG)-like proteins from a variety of plant species, including Fig. 3 . Alignment of the endogenous and retrotransposon-encoded LOG proteins. Protein sequences from Carrizo Ty3-2 and poplar Ty3 log proteins were aligned with rice, Arabidopsis, citrus, and poplar LOG proteins using the ClustalW program. Sequences representing conserved amino acids among these compared LOG proteins are shaded with grey.
rice LOG and Arabidopsis LOG1 (Kurakawa et al. 2007; Kuroha et al. 2009) (Table 3 ; Fig. 3 ). The LOG proteins have cytokinin riboside 5′-monophosphate phosphoribohydrolase activity involved in meristem maintenance. However, alignment of the Carrizo Ty3-2 log-encoded protein to the Conserved Domain Database (NCBI) (Marchler-Bauer et al. 2009 ) indicates inclusion in the DNA Processing A Superfamily. This superfamily includes the single stranded DNAbinding protein dprA and the SMF bacterial protein involved in RecA-dependent homologous recombination (MortierBarrière et al. 2007 ). In contrast to the endogenous flowering plant LOG-like genes that have six conserved introns, the log domain in Carrizo Ty3-2 has no introns and appears to be a retrotransposed cDNA from a processed LOG-like mRNA. Given the unusual structure of the Carrizo Ty3-2 element, available plant genomes (Arabidopsis, grape, poplar, rice, Brachypodium) were evaluated for the presence of similar retrotransposons employing the log-encoded protein as a probe. Although LOG-like genes were easily detected in all genomes, only the poplar genome (Tuskan et al. 2006 ) contained a Ty3/gypsy element with similar structure (Fig. 2C) . Although DNA sequence similarity between the two elements is limited to the protein-coding domains, the structural and protein sequence similarity are apparent ( Fig. 3; Fig. S3 ). It seems that the two retrotransposon-encoded LOG proteins have slightly higher sequence conservation as compared with the endogenous LOG proteins (Fig. 3) .
Coding region analysis
The complete pool of shotgun reads was filtered to remove repetitive DNA sequences as described above, and the remaining 2 275 916 nonrepetitive reads were examined for citrus EST homology. Similarity searches were performed with BLASTN (Altschul et al. 1990 ) against the citrus EST sequences (as downloaded from the plant genome database).
Comparison of the 454 reads with the citrus EST database revealed that 24.4% of the reads contained "genic" regions using BLASTN (e value cut off of 1 × 10 -15 ). The 2 275 916 nonrepetitive reads were also employed for sequence assembly using the Roche GS De novo Assembler software. This resulted in 191 153 contigs with a mean contig length of 914 bp and the longest contig of 5778 bp. When the contigs and singletons were searched against the nonredundant protein database, a total of 31 186 significant protein hits were identified at 1 × 10 -10 . Blast2Go gene ontology analysis was performed for functional annotation of these matched proteins. Among these 31 861 proteins, 18 698 were assigned to GO categories. In general, the resulting GO category assignment of these proteins was similar to that found in Arabidopsis (Fig. 4) , with the exception of the cellular and metabolic process categories. The complete Carrizo gene annotation database is available (http://citrus.pw.usda. gov/).
One of the primary incentives for acquisition of the Carrizo genomic sequence was to act as a source for transcriptional control element sequences for application to specific citrus improvement projects (Rommens et al. 2007 ). For example, a phloem-specific promoter would be desirable for expression of introduced HLB-resistance genes (Graham and Timmer 2000; Folimonova and Achor 2010) . The CitPhlo2 protein was identified by characterization of citrus proteins encoded by ESTs over-represented in phloem/bark-derived libraries in the NCBI database (McCue et al. 2007 ). CitPhlo2- encoding Carrizo sequences were then identified by BLAST search (TBLASTN) of the Carrizo 454 reads (Fig. 5A) . Sequential BLASTN searches employing Carrizo-read terminal domains were then employed to assemble a putative Carrizo CitPhlo2 gene sequence (Fig. 5A) .
The accuracy of the assembly represented in Fig. 5A was evaluated by PCR amplification from C. sinensis genomic DNA as described in the Materials and methods. The expected 2.9 kb amplification product was obtained (Fig. 5B) . Sequence analysis of the amplification product revealed >99.5% identity to the assembly sequence (data not shown). This divergence from the assembled sequence may reflect the expected Poncirus/Citrus heterozygosity in the database. These data indicate that the 3.5× Carrizo genome coverage described here is sufficient for accurate assembly of selected citrus genes for isolation of putative transcriptional control sequences.
SSR analysis
SSR Perl Script was used to identify a total of 168 273 SSRs longer than 15 bp in the assembled sequence reads. The occurrence of SSRs in the Carrizo genome had a frequency of 0.14 SSR per kilo base pair (kb), a value almost identical to that reported in a study based on citrus BAC sequences (0.19 SSR per kb) (Terol et al. 2008 ; Table S1 ).
In the Carrizo SSR set, there were 29 095 class I (more than 10 repeats) and 13 9178 class II (less than 10 repeats) SSRs. In general, those motifs containing A/T nucleotides were far more abundant than G/C rich repeats, especially ATT/TAA and AT/TA tri-and dinucleotides (Fig. 6 ). The SSRs identified here represent useful molecular markers for citrus research. Both the SSR marker sequences and the flanking primer sequences for SSR detection are available at http://citrus.pw.usda.gov/.
Discussion
We report here acquisition and analysis of a 3.5× draft sequence of the citrus Carrizo genome. Approximately 36.5% of the reads in the database constitute repetitive DNA sequences, representing both class I and class II TEs. Of the nonrepetitive reads, approximately 24% of the reads contained genic regions, identified by comparison with the available protein and citrus EST databases.
The unusual Ty3/gypsy elements from Carrizo and poplar (Figs. 2B and 2C ) represent the first reported that contain rbp-and log-like genes. Although a number of plant retrotransposons encoding envelope (env) proteins similar to those required for retrovirus infectivity have been identified (Vicient et al. 2001) , retrotransposons with viral rbp genes with the potential to affect element transcriptional silencing (Lippman and Martienssen 2004) have not. Perhaps more surprising is the presence of a retrotransposon-associated LOG-like gene, conserved in both citrus and poplar. This feature suggests functions of members of the plant LOG-like protein family in recombinational pathways, in addition to phytohormone biosynthesis (Kurakawa et al. 2007; Kuroha et al. 2009 ). Despite high sequence conservation between the endogenous and the retrotransposon-encoded LOG proteins, it is not clear if the latter proteins are expressed and possess any biological function. Annotated sequences of the two Carrizo Ty3/gypsy elements presented here are available (http:// citrus.pw.usda.gov/).
Plant breeding is a time consuming and labor intensive process. Characterization of new hybrids, to select for desirable traits, is perhaps the most expensive and laborious component of the plant improvement cycle. Molecular markers have wide application in crop improvement, including genotyping, genetic mapping and gene cloning, and markerassisted selection. Use of marker-assisted selection can reduce a process that might require many years to one that can be conducted in a lab in just a few hours, for a few select traits, reducing the numbers of progenies subjected to more laborious and lengthy analysis.
SSRs, in which the same pattern of two or more bases is repeated multiple times in consecutive nucleotide sequence, are an important class of DNA markers. They are widespread within eukaryotic genomes, permit acquisition of mutations because they are often in noncoding regions or do not influence gene product function, and develop variants at a high rate because their repetitive nature results in greater replication error. SSRs' relatively high degree of variability at any individual locus and ease of assessing alleles in a co-dominant manner makes them especially suited to use as markers for selection of closely linked traits and pedigree analysis (Song 1999) . A total of 168 273 genome-wide SSR markers have been generated through mining the assembled citrus sequence reads. The sequence data also represent a useful genomics resource for developing other molecular markers such as single nucleotide polymorphism (SNP) markers for citrus research (You et al. 2011 ).
With the development of high-throughput sequencing technologies, sequence assembly and characterization of complex plant genomes through genome shotgun sequencing is becoming feasible. Previously, only limited citrus genomics resources were available, mainly derived from Sanger-based sequencing technologies (Roose et al. 2007; Terol et al. 2008; Yang et al. 2003) . Recently, the raw sequence data of the haploid Clementine mandarin (C. clementina) and sweet orange (C. sinensis) genomes have been generated primarily using next generation and Sanger sequencing technologies and are accessible at the phytozome Web site (www.phytozome. org). The potential applications of these data in breeding and crop improvement efforts make acquisition of this sequence imperative (Talon and Gmitter 2008) . The citrus genome genetic (Cai et al. 1994; Carlos de Oliveira et al. 2007; Chen et al. 2008; Bernet et al. 2010 ) and physical (Bernet and Asins 2003; Luo and Dvorak 2011; Moraes et al. 2008 ) maps will certainly help accuracy assembly of the citrus genomes by anchoring and ordering sequence contigs or scaffolds onto citrus chromosomes. In addition, genome sequencing of closely related species is important to understand the evolutionary processes of speciation and domestication. In this work, we generated a 3.5× draft genome sequence of the citrus cultivar Carrizo, the most important rootstock in US citrus industry. Both the data and analytical tools described here are available on the USDA Public Citrus Genome Database (http://citrus.pw.usda.gov/) Web site. Included in this database are the complete set of 454 reads with BLAST server, the library of unique citrus repetitive sequences, and a catalog of assembled TEs and citrus SSRs. This database was established specifically to allow open access to the citrus research community, with no limitations on use or dissemination of the information.
